Defining how a glycan-binding protein (GBP) specifically selects its cognate glycan from among the ensemble of glycans within the cellular glycome is an area of intense study. Powerful insight into recognition mechanisms can be gained from 3D structures of GBPs complexed to glycans; however, such structures remain difficult to obtain experimentally. Here an automated 3D structure generation technique, called computational carbohydrate grafting, is combined with the wealth of specificity information available from glycan array screening. Integration of the array data with modeling and crystallography allows generation of putative co-complex structures that can be objectively assessed and iteratively altered until a high level of agreement with experiment is achieved. Given an accurate model of the co-complexes, grafting is also able to discern which binding determinants are active when multiple potential determinants are present within a glycan. In some cases, induced fit in the protein or glycan was necessary to explain the observed specificity, while in other examples a revised definition of the minimal binding determinants was required. When applied to a collection of 10 GBP-glycan complexes, for which crystallographic and array data have been reported, grafting provided a structural rationalization for the binding specificity of >90% of 1223 arrayed glycans. A webtool that enables researchers to perform computational carbohydrate grafting is available at www.glycam.org/gr (accessed 03 March 2016).
Introduction
The interactions between glycans and their cognate protein receptors are fundamental and profoundly important to biological function, with applications in both basic glycobiology research (Audfray et al. 2012; Varrot et al. 2013) , and in the development of therapeutic and diagnostic reagents (Dube and Bertozzi 2005; Fuster and Esko 2005; Berthet et al. 2013; Ruhaak et al. 2013; Geissner et al. 2014) . Discovering the targets of a glycan-binding protein (GBP), and understanding at a molecular level how these binding partners are specifically selected from among the vast array of heterogeneous glycan structures in a cellular glycome, are currently areas of intense study (Rillahanand Paulson 2011; Nycholat et al. 2012; Arnaud et al. 2013; Kuwabara et al. 2013; Promkuntod et al. 2013; Topin et al. 2013; Wang et al. 2013) .
Glycan array screening has revolutionized the task of determining the specificity of a given GBP by allowing simultaneous screening of hundreds of glycans. Relative to other techniques, glycan microarrays allow an efficient and broader definition of the specificity of a GBP. Although these data have proved extremely useful it is often difficult to comprehensibly analyze why a particular glycan is bound, while other glycans that contain the same fragment or minimal binding determinant (MBD) are not.
Three-dimensional (3D) structures of protein-oligosaccharide cocomplexes are of immense value in understanding the specificity of a GBP; however, large glycans are refractory to crystallization (Kosma and Müller-Loennies 2012; Owens and Nettleship 2011) . Consequently, crystallographic data are generally limited to short oligosaccharide fragments that represent the biologically relevant MBD or a closely related structure. These co-complexes are frequently used to explain the affinity interaction between a GBP and the bound oligosaccharide, and it is also possible to rationalize how different substitutions found on intact glycans would be tolerated in the binding site (Kumar et al. 2013; Richichi et al. 2013; Tessier et al. 2013; Topin et al. 2013) .
The current work builds on this concept; it is possible to compare glycan array screening data to a 3D structure and determine if the two data sets are consistent (Figure 1) . A 3D structure of a co-complexed MBD should explain the observed specificity of binding on the array and, if not, can be iteratively adjusted until good agreement is achieved. If this is not possible, the set MBDs that were initially identified from the array data may then be re-evaluated until a consistent set of MBDs and their corresponding 3D structures are found.
For the purposes of understanding the approach outlined here, specificity has been devolved into two components: the affinity for an MBD and the structural context within which this MBD can be recognized . Due to the high degree of similarity between monosaccharides, the subset of molecular features that Fig. 1 . An illustration of the grafting process. (A) A 3D structure of a bound MBD (dark gray) is used as a "core" upon which intact glycans are built. Each array glycan that contains this MBD is built into the binding site. Only vdW overlaps with the protein (light gray) are considered, and glycosidic torsion angles are adjusted within reasonable bounds to allow induced fit in the grafted branch (blue). If an intact glycan can physically fit in the binding site it is deemed to be a binder. The program compares these results to the glycan array data and reports on the level of agreement. (B) The structural origin of the specificity observed on a glycan array should be apparent from the orientation of the MBD in the 3D co-complex. Binders contain substitutions (blue) to the MBD that are physically tolerated in the binding site, whereas non-binders contain substitutions (yellow) which prevent recognition of the MBD. In this example, the 3D structure of ECL bound to Galβ1-4GlcNAcβ (MBD1) can be tested by grafting each observed binder and non-binder that contain MBD1. Grafting may be used to eliminate unlikely poses of the MBD in the binding site generated by modeling . Good overall agreement between the 3D structure and the array data are only possible when the co-complex structure is correct and a set of MBDs that explain the observed binding pattern has been identified. (C) An illustration of the glycan structure classes that bind to UDA on the glycan array (oligomannose and intermediate) compared with those that do not (complex). The key structural difference is the branch shown in yellow. The experimental specificity data for UDA are consistent with the proposed 3D model; oligomannose and intermediate glycans can be bound (blue tolerated substitutions), whereas complex N-glycans collide with the surface (yellow non-tolerated substitution). make up an MBD may be found within a variety of different glycans. For example, galactose and glucose differ only in the configuration of the 4-hydroxyl position, meaning they can only be differentiated if the 4-hydroxyl configuration is part of the MBD. The second component of specificity, structural context, is determined by a number of factors including differences in the substitution pattern from the MBD in different glycans. That is, although an MBD may be present in a glycan, extension at a particular position on the MBD may prevent recognition. In turn, the glycans may be conjugated to various biomolecules and biomolecular ensembles resulting in variations in glycan presentation (Gabius et al. 2011) . Thus recognition is determined by the composition of the MBD, the position of the MBD within the overall 3D glycan structure, and the presentation of the glycan relative to its environment.
Computational carbohydrate grafting is a molecular modeling technique that builds 3D structures of full glycans from the MBD in a co-complex with a GBP, and assesses the ability of the full glycan to fit in the ligand-binding site . In addition, non-bonded interaction energies, as well as solvation and entropic effects are purposefully excluded in grafting, as they are assumed to play a significant role only in the MBD region of the full glycan. This is a key concept of grafting; with array binders any extension from the MBD core is assumed to be passively tolerated in the binding site, with minimal induced fit, where it does not form affinity modulating interactions with the protein. With this assumption it is possible to generate putative co-complexes with each array glycan that contains an MBD by exploiting the observed conformational preferences of glycosidic linkages (Kirschner and Woods 2001; DeMarco and Woods 2008; Nivedha et al. 2013) (Figure 1A ). If any steric overlaps occur with the protein surface that are not removed by allowing a reasonable level of induced fit in the glycan, the glycan is categorized as a non-binder. In order for an intact glycan to be bound by a GBP the full glycan structure must physically fit in the binding site, and when conjugated to an array surface, the glycan must be presented correctly for recognition by the GBP .
In contrast to automated ligand docking, grafting starts with a 3D structure of the MBD bound to the GBP. If the overall level of agreement with array data is poor it indicates that either the 3D structure of the glycan-GBP complex is incorrect, or the MBD(s) selected from the array data is misidentified. In these cases, iterative adjustment of both the co-complex 3D structure and the MBD definitions is performed until grafting reports that the two data sets are in optimal agreement ( Figure 1B) .
By exploiting the underlying connection between the structure and specificity data, it is possible to predict experimentally consistent 3D structures for protein-glycan complexes, and new specificities for GBPs. The present work highlights the insights that can be gained from the synergistic combination of modeling, glycan array data and 3D structure.
Results
The 10 GBPs selected for this study, along with their predicted MBDs, are reported in Table I . The MBDs are classified as being found in glycans that are either dominant or weak binders. For all 10 GBPs, a high overall level of agreement (92%) between the array data and 3D structure was achievable once the appropriate MBDs had been selected from the array data and their corresponding 3D structures generated. In the case of CTB, 100% agreement was achieved using the available co-complex structure and reported MBD (Merritt et al. 1994) . In Polyporus squamosus lectin (PSL) and Burkholderia cenocepacia lectin (BC2L-A), the reported crystal structures and specificities (Merritt et al. 1994; Lameignere et al. 2008) were also sufficient to achieve good level of agreement (Table II) . However, the remaining seven systems required some degree of modeling or redefinition of MBDs in order to generate 3D structures that were consistent with the experimental array data (Table II, Supplementary data, Table SI) .
Of the 1223 glycans that contained an MBD, 272 were observed to bind. These binders are classified as either dominant or weak binders, while non-binders are glycans that contain an MBD, but were not observed to bind.
The level of agreement is reliant in part on the categorization criteria used for discerning binders (dominant or weak) from nonbinders in the experimental array data. This dependence is highlighted in the specific cases of Erythrina crista-galli lectin (ECL), Helix pomatia agglutinin (HPA), PSL and Urtica dioica agglutinin (UDA) discussed below. A recent cross-platform analysis of glycan arrays also indicated that the binding properties of glycans containing weak MBDs are less consistent (Wang et al. 2014) . Regardless of the categorization criteria, discrepancies between grafting predictions and glycan array data may reflect a false positive with regard to the modeling, or a false negative with regard to the array screening.
An analysis of the 3D structures associated with the grafted glycan-protein complexes led to the discovery of extended binding sites, new MBDs, the identification of key MBDs in glycans that contain multiple copies, and the prediction of induced fit upon complex formation. These observations are illustrated for specific systems in the following sections.
MBD discovery: Dolichos biflorus agglutinin
In some systems, it was not a straightforward task to achieve good agreement between the available 3D structures and the array data. In the case of DBA, the co-crystallized ligand was GalNAcα1-3Gal-NAcβ; however, it was not possible to completely explain the array data using this MBD alone. Two other structures were bound by DBA; GalNAcβ1-4[6S]GlcNAcβ and GalNAcβ1-4[Neu5Acα2-3] Galβ. It was initially difficult to reconcile these data, as the anomeric configuration of the glycosidic linkage gives rise to a different molecular shape, and other glycans containing GalNAcα or GalNAcβ were not observed to bind to DBA. A key observation was that glycans that lacked the sulfate moiety in the GalNAcβ1-4[6S]GlcNAcβ structure were not bound by DBA. After iteratively testing different possible binding modes, it was discovered that superimposing the non-reducing terminal GalNAc residues of each structure placed the 6S and Neu5A-cα2-3 in the same coordinate space as the 3GalNAcβ of the cocrystallized MBD (Figure 2A ). Grafting to these three binding modes results in 90% agreement with the array data, providing support for both the MBD selection and the proposed 3D structures.
Extended binding site discovery: Urtica dioica (Stinging nettle) agglutinin
UDA is known as a superantigen as it stimulates T-cells by mediating the interaction between MHC I/II and the β chain of the Vβ8.3 + lymphocytes (Rovira et al. 1999) . UDA can bind to N-glycans present on the MHC I/II glycoprotein (Ryan and Cobb 2012) , and simultaneously to those present on the T-cell surface (Rovira et al. 1999; Saul et al. 2000) . Glycan array screening data show that UDA only interacts with oligomannose or certain under-processed N-glycans, and not with complex N-glycans ( Figure 1C ). The endogenous function of UDA is to protect the plant against fungal infection by binding to fungal cell wall chitin ( polymers of 4GlcNAcβ1-4GlcNAcβ) (Broekaert et al. 1989) and possibly also to the chitobiose core of N-linked glycans, as these are also present on fungal cell surfaces (Deshpande et al. 2008) . Previous structural studies have shown how binding sites similar to that found in UDA can bind both chitin and N-glycan cores (Hernandez-Gay et al. 2010) . In this case, the challenge was to understand how UDA can bind to the chitobiose core common to all N-linked glycans, but not bind to complex-type N-linked glycans.
Grafting of oligomannose glycans onto a chitobiose fragment in the UDA crystal structure (Hernandez-Gay et al. 2010) led to the conclusion that a single conformation (the gauche-gauche (gg) rotamer) of the flexible 1-6 branch was being specifically recognized by UDA. Grafting with this conformation successfully reproduced 98% of the relevant glycan array data. An examination of the proposed 3D structures for the oligomannose glycans in the binding site of UDA provided a clear structural rationalization for the observed inability of UDA to bind to complex-type glycans. Complex-type glycans are modified with extensions at the 2 position of the 1-6 branch, which according to grafting would not be tolerated in the binding site of UDA ( Figure 1C ).
By combining grafting with the glycan array data, it is possible to infer that there must be an extended binding site which binds the gg rotamer of the Manα1-6Manβ linkage. An extended binding site would explain the general increase in signal observed for high mannose glycans over chitin containing glycans in the array data. The proposed site is composed of Arg16, Asp26, Ser27 and Tyr30. This 3D structure matches the observed specificity, in that substitution at the 3-and 6-position of the Manα is physically tolerated, whereas substitution at the 2 position it is prevented by the backbone and side chain of Asp26 ( Figure 3A) .
The level of agreement with the array data for this 3D structure of MBD1 is excellent (98%). However, the binder categorization method used here also predicts a third MBD (Galβ1-4GlcNAcβ1-3Galβ) that is weakly bound by UDA, which, when included in the grafting analysis, does not produce results consistent with the array data. This is discussed in the Issues associated with binding categorization section.
MBD discovery: Arachis hypogaea (Peanut) agglutinin
The hemagglutinating activity of Arachis hypogaea (peanut) agglutinin (PNA) has been reported to be most potently inhibited by glycans 
2 (X-ray)
Clitocybene bularis lectin CNL | 3NBE
Marasmius oreades agglutinin MOA | 2IHO
Helix pomatia agglutinin HPA | 2CCV
Polyporus squamosus lectin PSL | 3PHZ
Neu5Acα2-6Galβ 1 (X-ray) Neu5Gcα2-6Galβ 2 a X-ray structures from the Protein Data Bank (Merritt et al. 1998; Hamelryck et al. 1999; Saul et al. 2000; Svensson et al. 2002; Natchiar et al. 2006; Sanchez et al. 2006; Grahn et al. 2007; Lameignere et al. 2008; Kadirvelraj et al. 2011; Pohleven et al. 2012) . Co-complexes for each MBD that did not have a crystal structure were modelled based on co-complexes of similar ligands using Maestro (Suite 2011) with glycan 3D structures built with GLYCAM-Web (Woods Group (2005 Group ( -2015 ). The 3D co-ordinates for each co-complexed MBD are available in Supplementary data, Files The array data are not consistent with the co-crystallized structure being an MBD.
containing Galβ1-3GalNAc (Lotan et al. 1975; Swamy et al. 1991) . Inhibition by α 1 -acid glycoprotein, which lacks such Gal-GalNAc structures, but does contain Gal-GlcNAc structures (Jeanloz 1972) , was also noted, but shown to be ∼50-fold less potent (Lotan et al. 1975) . The disaccharides lactose (Galβ1-4Glc) and lactosamine (Galβ1-4GlcNAc) were shown to inhibit PNA hemagglutinating activity, again with ∼50-fold less potency than the Galβ1-3GalNAc disaccharide.
The experimental glycan array screening data show that, as expected, Galβ1-3GalNAc containing structures were present in dominant binders. These glycans contain either Galβ1-3GalNAcα (MBD1, also known as the cancer associated TF-antigen) or Galβ1-3GalNAcβ (MBD2). Contrary to expectation, grafting did not support lactose or lactosamine being an MBD. Unsubstituted lactose or lactosamine is present at the non-reducing termini of 74 glycans on the array, 37 of which are N-glycans. However, with the exception of three glycans that also contain MBD1, none of these glycans displayed significant binding to PNA on the array. This suggests that the affinity of lactose/lactosamine for PNA was insufficient for detection. However, a previously unreported MBD comprised of GlcNAcβ1-3Galβ (MBD3) lead to a high level (90%) of consistency between the grafting and array data. This MBD is present at the reducing termini of 13-weak binders, and a further 4-weak binders that also contain MBD1. It appears that avidity may be required for MBD3-containing glycans to generate a significant glycan array signal, as all but one of the experimentally observed MBD3 binders contains more than one instance of the determinant. This may explain why this glycan was not previously identified as a ligand for PNA using traditional means of determining affinity that neglect avidity effects, although to our knowledge its relative affinity has never been tested (Swamy et al. 1991) .
As an experimental 3D structure for MBD3 bound to PNA was unavailable, a model based on MBD1 was built. In the MBD1 and MBD2 complexes, a hydrogen bond exists between the axial-O4 group in the non-reducing terminal Gal residue, which is distorted if not completely abrogated when the Gal residue is replaced by a GlcNAc residue in the MBD3 complex ( Figure 2B ). Interpretation of the glycan array data in light of the grafting results suggests that the interaction with the O4 group modulates affinity, with an axial configuration being strongly preferred but not essential. However, it should be noted that this conclusion assumes that the PNA lectin sample was pure. PNA is isolated from a complex mixture of isolectins using lactose. The affinity observed for MBD3 could be a result of another isolectin co-eluting with PNA.
The present grafting analysis suggests that PNA is less specific than previously thought, and provides a structural rationale for a new binding determinant (GlcNAcβ1-3Galβ, MBD3 ). This is particularly significant in light of the fact that PNA is used as a reagent thought to be able to selectively detect glycans which contain the cancer associated Galβ1-3GalNAcα (MBD1, TF-antigen) and Galβ1-3GalNAcβ (MBD2) (Cooper 1984; Gabius et al. 1990; Wu et al. 1997) motifs. Thus, the use of PNA as a reagent to exclusively detect Galβ1-3GalNAc-containing structures should be reconsidered, especially (90%) between grafting and the array data, when MBD3 is included. This figure is available in black and white in print and in color at Glycobiology online.
Combining 3D structure modeling with glycan array datawhen studying biological samples, as avidity effects may be anticipated that would enhance binding to MBD3-containing glycans.
Detecting induced Fit in the glycan: Clitocybe nebularis lectin CNL has been reported as having specificity for GalNAcβ1-4GlcNAc and GalNAcα1-3(Fucα1-2)Galβ (human blood group A determinant) and has been shown to inhibit leukemic T-cells (Pohleven et al. 2009) and stimulate dendritic cells (Svajger et al. 2011) .
Analysis revealed two MBDs in the experimental glycan array data for CNL: GalNAcβ (MBD1) appeared in glycans in the dominant binder category, while GalNAcα (MBD2) only occurred in weak binders. The overall level of agreement when grafting to these MBDs was 91%, when using the default 10°range of rotational motion allowed in the grafted glycosidic linkages. However, it was noted that in the case of CNL the level of agreement was dependent on the maximal range of motion allowed. As might be expected, allowing greater flexibility in the glycosidic linkages of the grafted glycans generally enables more glycans to fit into the binding site. This enhances the number of correctly predicted binders, but conversely increases the number of non-binders that are incorrectly predicted to be binders. When this trend is observed in the grafting data, it indicates that the grafted branches are forming interactions with the protein that influence binding, rather than the branches being merely passively tolerated by the binding site topology. With this trend, and using the binders as a guide, grafting can predict when there must be an induced fit in either the glycan or the protein, or both, upon binding. For example, 20 of the 22 CNL binders contain the structure GalNAcα1-3(Fucα1-2) Galβ, and only when linkage flexibility was enabled were these correctly predicted to bind (see Table III ). Closer examination indicated that flexibility removed initial overlaps between the Fucα branch and the protein surface. Thus the ability to score these branches as they are grafted, and allow flexibility in the protein sidechains, could increase the overall accuracy of grafting.
There is a general trend in the data showing that wiggling allows more binders and non-binders to fit. In such cases, this indicates that induced fit in the glycan or protein is required to optimize affinity. By generating 3D models for each glycan, grafting allows the user to identify the region of the protein responsible for the induced fit. With this insight it is possible, for example, to predict that a co-crystal of CNL with a glycan containing a Fucα1-2 branch would show induced fit in the Fuc and/or the His35, His36 and Asn122 region of the protein ( Figure 4A ).
Detecting induced fit in the protein: Marasmius oreades agglutinin
MOA is known as a blood group B-specific lectin that binds to glycans containing Galα1-3Gal(NAc) (Loganathan et al. 2003) . In agreement with this, the experimental array data show that MOA has two dominant motifs: Galα1-3Galβ (MBD1) and Galα1-3Gal-NAcα (MBD2), and an additional weak motif: Galα1-3GalNAcβ (MBD3). The level of agreement between the array data and grafting for the binders was 100%, but it was noted that glycans containing a 4GlcNAcβ on the reducing terminal required wiggling to remove a collision of the carbonyl of the NAc group of the adjacent 4GlcNAcβ with Asp23.
The grafting analysis of the α-site in MOA is extremely sensitive to the position of Asp23. When co-crystallized with Galα1-3Galβ1-4GlcNAcβ in (PDBID: 2IHO) the position of Asp23 shifts, relative to its position in the co-complex with Galα1-3Galβ (PDBID: 3EF2; Grahn et al. 2009 ), so as to accommodate the 4GlcNAcβ in the former glycan ( Figure 4B ). Additionally, comparing with the optimal theoretical conformation of the Galα1-3Galβ1-4GlcNAcβ glycan, the crystallographic data reveal distortions of +29°and −13°in the glycosidic φ and ψ torsions of the Galβ1-4GlcNAcβ linkage, suggesting an induced fit in this linkage is required for binding by MOA. Thus although grafting can be sensitive to the initial 3D structure of the MBD co-complex, the grafting analysis can also identify the structural source of The co-crystal of GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ (MBD2) and (C) proposed alignment of Galβ1-4GlcNAcβ1-3Galβ in UDA. Some of the molecular features required for recognition in MBD2 are also found in Galβ1-4GlcNAcβ1-3Galβ, which may explain the low-level binding by UDA to array glycans containing Galβ1-4GlcNAcβ1-3Galβ. This figure is available in black and white in print and in color at Glycobiology online. subsequent overlap-related discrepancies (such as the orientation of Asp23 in MOA). Thus the array data can be combined with grafting to highlight which residues in the glycan or protein require induced fit in order to agree with the array data.
Determining functional motifs: Burkholderia cenocepacia lectin BC2L-A binds to Manα (Lameignere et al. 2008) which was the single MBD observed in the glycan array data. Each of the 20 dominant binders has multiple copies of the Manα-binding motif within its structure, suggesting an avidity component to the binding responses. BC2L-A was predicted to bind not only to terminal Manα but also to a penultimate Manα depending on the substitution at the 2-position in the inner Manα. Specifically, BC2L-A may bind to Manα1-2Manα via either Manα, but cannot bind to the Manα in GlcNAcβ1-2Manα. Grafting also predicts that substitution at the 3-or 6-position of the bound Manα would not be tolerated. Taking one of the highest ranked N-glycan binders (213: manα1-6[Manα1-3]Manα1-6[Manα1-2Manα1-3]Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12) as an example, grafting is able to predict that BC2L-A can interact with four of the five Manα residues (Figure 5 ), although presumably each mode would have a unique affinity.
Examples illustrating issues associated with binding categorization
The definition of the boundary between dominant, weak and nonbinder can significantly impact the accuracy of the predictions, as seen in the cases of HPA, PSL, ECL and UDA. These examples illustrate the complex case of assessing whether inconsistencies between the predicted and observed specificities represent a false positive on the behalf of grafting, or a false negative in the glycan array screening, or a mixture of both. Such discrepancies can arise from factors that are not currently modeled by grafting, such as induced fit in the protein surface, or electrostatic interactions. In addition, multimeric (avidity) effects are not accounted for in the modeling and may be required in order to amplify glycan array responses above the detection limit (Rillahan and Paulson 2011; Drickamer and Taylor 2014) .
HPA binds to glycans containing GalNAc and GlcNAc on the array, which is consistent with reported specificity (Sanchez et al. 2006; Rambaruth et al. 2012) . Considering only the two dominant MBDs, GalNAcα (MBD1) and GlcNAcα (MBD2), grafting resulted in up to 99% agreement with the array data. Weak binding responses were also observed for two glycans containing GalNAcβ and GlcNAcβ, but glycans containing these MBDs were not predicted by grafting to be binders. In this case, the MBDs are rejected by grafting as the level of agreement for the binders is <75%. The structures are not reported in Table I or included in the results for Table II. PSL is observed to be specific for Neu5Acα2-6Galβ1-4Glc/ GlcNAcβ structures (Mo et al. 2000) and also bound to Neu5Gcα2-6Galβ structures on the CFG array. Grafting identified all of the 36 binders, but also appeared to incorrectly predict that seven others should bind. Notably, four glycans (319, 488, 457 and 521, see Supplementary data, collated microarray data) had relative fluorescence unit (RFU) responses >10%, at the highest protein concentration, and two glycans (273 and 319) have been shown by FAC/MS to bind to PSL (Zhang et al. 2001) . This suggests that at least five of the seven predicted ligands may indeed be capable of binding to PSL, but have RFU signals that are below the cut-off for definition as a binder.
ECL has been shown to bind Gal/GalNAcβ1-4GlcNAcβ (Wu et al. 2007) , which is consistent with the observed binding pattern on the array. Grafting predicted all of the 48 binders and 85% of the 272 non-binders. The glycans with the highest RFU signals all contain multiple branches terminating in Galβ1-4GlcNAcβ, suggesting that avidity effects may be enhancing the array signal.
Of the 42 glycans predicted to bind, but not observed to, 14 showed binding responses >10% of the maximum at the highest protein concentration, but were not categorized as binders. A further four non-binders are sulfated at the 6 position of the non-reducing terminal residue of the MBD. Grafting placed the sulfate in close contact with the protein surface where it may form unfavorable electrostatic interactions with Asp89. The remaining 24 outliers are generally short glycans that contain only a single MBD in their structure, and may therefore lack the ability to form avidity-enhancing interactions with ECL.
UDA was discussed above in the Extended binding site discovery. Grafting to the proposed conformation of MBD1 (Manβ1-4GlcNAcβ1-4GlcNAcβ) and the crystal structure of MBD2 (GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ) resulted in 97% agreement with the relevant glycan array data. However, weak binding was also observed for structures containing Galβ1-4GlcNAcβ1-3Galβ using the current categorization criteria. The proposed alignment of this oligosaccharide based on the central GlcNAcβ in each MBD reproduces the overall shape and some of the contacts formed by the dominant MBDs (Figure 3) . The Fucα1-2 substitution is tolerated experimentally and requires induced fit in the glycosidic linkage in order to physically fit in the 3D structure. Induced fit in the area of CNL made up of His35, His36, Asn122 and Ser123 could also explain the observed specificity. (B) Grafting to the ligand present in MOA structure 3EF2 indicated that a reorientation of the side chain of Asp23 would be required in order to tolerate a 1-4GlcNAcβ-substitution. A co-complex of MOA (PDBID 2IHO) with a 1-4GlcNAcβ-substituted oligosaccharide confirmed this prediction. This figure is available in black and white in print and in color at Glycobiology online.
However, the majority of glycans that contain MBD3 did not display binding on the array, although grafting predicted that they would fit in the binding site. This led to a poor level of agreement (25%) when grafting to the 3D structure of Galβ1-4GlcNAcβ1-3Galβ suggesting that the interaction with UDA is too weak to produce a consistent binding pattern on the glycan array. While it is possible that the observed binding has a structural rationale (Figure 3) , the lack of consistent binding on the array could indicate that the structure is not biologically relevant.
In this case, where it was not possible to achieve good agreement (>75%) between the 3D structure of a predicted MBD and the array data, the structure is rejected as an MBD. Thus, the structure is not reported in Table I or included in the results for Table II .
Discussion
We have outlined an approach to integrating 3D structural modeling with publically available specificity data from glycan array screening. The technique allows a unique exploitation of the array data to generate 3D structures, while simultaneously providing in-depth analysis of the array data from a 3D perspective. Putative 3D models are built based on the MBDs observed in the array data. Each of the binders and non-binders are grafted onto this model to check if they are physically tolerated in the binding site. Only binders should fit, and therefore it is possible to iteratively refine the 3D model of the bound MBD until a high level of agreement with the experimental data is found.
The grafting technique works best when using data from glycans containing a dominant MBD, but overall the modeling agreed with 92% of the 1223 data points from glycan array screening data. Selecting cut-offs or a set of criteria for discerning binders from nonbinders in glycan array data sets is difficult. A simple categorization method was adopted here, as the qualitative or semi-quantitative nature of the array data precludes precise quantitative analysis. There are multiple potential sources of disagreement between the modeling and the experimental data. The cut-offs employed in discerning binders from non-binders may reduce accuracy when the experimental responses are close to the cut-off values. Both false positives and false negatives may arise from linker effects ), printing efficiency, density effects, etc. (Heimburg-Molinaro et al. 2011 . Disagreements may also arise from phenomena not included in the modeling, such as the difficulty of detecting low-affinity (monomeric) interactions in array screening (Rillahan and Paulson 2011; Taylor and Drickamer 2009 ). In our previous work, we provided a rationale for linker effects observed for an mAb binding to a disaccharide conjugated directly to the slide surface . However, the grafting program does not account for avidity effects (from multimeric interactions) that may be required for detectable binding on the microarray.
The high-level of agreement between the predicted and observed binders attests to the accuracy of the modeling, and indicates a need for revision of some MBD definitions, as in the case of PNA. However, a real source of concern when drawing conclusions regarding GBPs extracted from natural sources is whether or not they have been completely purified. For example in the case of PNA, the signals observed for MBD3 may result from a different lectin which co-elutes with PNA. Regardless, the insight from grafting provides an impetus for additional experimental analysis to determine if MBD3 is a biologically relevant ligand for PNA.
Text-based algorithms for the detection of MBDs (Porter et al. 2010; Cholleti et al. 2012; Kletter et al. 2013; Agravat et al. 2014) are extremely useful as a first pass at identifying binding motifs. However, these methods rely on carbohydrate nomenclature, which does not reflect the underlying 3D structural similarity possible between different sequences. As such, they cannot recognize structurally related 3D motifs that are not also composed of the same monosaccharides. As an example, wheat germ agglutinin binds both GlcNAc and Neu5Ac in identical manners, in which the binding motif is a subset of the molecular structures of these two monosaccharides. Such a relationship cannot be detected by algorithms that attempt to identify motifs based on nomenclature.
A further point to note is that when representing MBDs using just residue nomenclature, less than ∼20% of the glycans containing an MBD will be bound by a given GBP (Table II) . The apparent high percentage of non-binders is also due to deficiencies in the nomenclature used to define MBDs, which ignore ∼80% of the rules for determining binding. Thus, a true definition of what constitutes an MBD should include both the underlying 3D structural properties that determine the affinity and also a definition of the tolerated and non-tolerated substitution patterns.
Grafting presents an opportunity for researchers to perform an indepth specificity analysis of glycan array data and concurrently build experimentally consistent 3D structures of GBP-glycan co-complexes. A key feature of the approach presented here is that it enables the rationalization of glycan specificity in terms of the 3D structure of the glycan-protein complex. Such a putative 3D structure can potentially be validated subsequently using traditional structural biology approaches, but can also be employed for protein engineering and inhibitor design.
Materials and methods

Glycan microarray analysis
Biotinylated UDA, PSL and MOA were purchased from E.Y. Laboratories, PNA, and DBA from Vector Laboratories, and CTB and HPA from Sigma (see screen details in Supplementary data, collated microarray data for details). Lectins were analyzed by the Consortium for Functional Glycomics (CFG) Core D on the CFG Mammalian Glycan Array v5.0 using standard protocols (Blixt et al. 2004) . The data for ECL and CNL were reported previously (Pohleven et al. 2012; Wang et al. 2014) . To our knowledge, the data set for BC2L-A used in this study remains unreported; however, the original data from each glycan array screen may be reviewed in Supplementary data, collated microarray data or online at the CFG website (www.functionalglycomics.org, accessed 03 March 2016).
Criteria for system selection
As a quality control for the experimental specificity data, each of the GBPs had to have been screened at more than one concentration against the CFG glycan arrays (Blixt et al. 2004; Blixt and Razi 2006; Paulson et al. 2006) v4.0 or above (see Table I ). Only systems for which a crystal structure was available for the GBP in complex with a fragment of a glycan, preferably the MBD(s) observed in the array data, were selected for analysis.
Classification of glycan array data into binding categories
Glycan array screening is frequently carried out at a series of GBP concentrations, with specificities being inferred from the lowest concentration that results in a significant signal (Smith et al. 2010; Rillahan and Paulson 2011) . GBPs frequently have a range of affinities for different binding motifs with small structural alterations (Costello and Bundle 2012; Wang et al. 2014) . At higher concentrations, it is common to observe an increase in both the number and intensity of signals, and in the range of apparent binding motifs (Rillahan and Paulson 2011) . Unexpected, or anomalous motifs may be attributed to non-specific interactions, but may also represent low-affinity ligands that appear to bind only at high protein concentrations (Wang et al. 2014) . In order to interpret the glycan array data, it is useful to divide the experimental data into categories that likely represent high-affinity motifs, or "dominant" binders, and any other motifs that are found in weaker binders, as well as non-binders. The data set for a particular protein concentration was considered unsuitable for analysis if the maximum signal was <2000 RFU. Also disregarded were single data points from a particular concentration for any binder whose signal variance was too high, as defined by having a percentage coefficient of variation >50%. Dominant binders were defined as those that gave rise to signals >10% of the maximum signal at each analyzed GBP concentration. Weak binders were glycans whose signal was not >10% of maximum for the lower protein concentrations, but did show signals >10% at the top two GBP concentrations, or showed >50% of maximal binding at only the top concentration. When calculating the overall agreement between theoretical and experimental specificities, experimental nonbinders are defined as glycans which contain at least one MBD, but do not display detectable binding to the GBP on the array. While these criteria are inherently arbitrary, they attempt to define reasonable boundaries.
MBD classification and modeling
Once the data were sorted into dominant, weak and non-binders, putative MBDs were manually identified as the smallest common motifs present in each of the binding glycans. The details of each system and any modeling required to convert the bound glycan fragment into the appropriate MBD are included in Supplementary data, Table SI .
Grafting
The concept of grafting and its methodology has been introduced previously and was recently extended so that the exact linker and array surface can be modelled . Briefly, virtual 3D structural libraries were constructed that contain glycans present on the CFG arrays. The list of array glycans was parsed into IUPAC format so that 3D structures could be generated and energy minimized using an automated version of GLYCAM-Web. Glycans were excluded from analysis if their structure was ambiguous due to annotation errors on the array or if it contained a residue not parameterized in GLYCAM06 (see Supplementary Information). This 3D library was searched via the GLYCAM residue nomenclature LINK cards contained within each generated file. Using the 3D structure of a GBP in complex with a glycan fragment, the grafting program first searches the 3D library for glycans that contain this fragment and then builds these larger glycans into the protein binding site. The program achieves this by superimposing the appropriate "branches" of the larger glycan onto the bound fragment. If the aligned glycan can be accommodated without significant steric overlap with the protein surface, then it is predicted to be a binder. In contrast to similar methods such as the "anchor and grow" approach available in certain computational docking software (Turton et al. 2004 ), grafting does not attempt to calculate affinity. Contributions from electrostatics, desolvation and entropy are purposefully excluded. Rather the program incorporates knowledge of observed binders and non-binders from glycan array screening data allowing it to report on the relative level of agreement between different 3D models and the array data.
Previously, the glycan and the GBP were maintained in a rigid conformation during the grafting analysis. The grafting program has been further modified to incorporate the natural flexibility of glycosidic linkages (DeMarco and Woods 2008; Nivedha et al. 2013 ) allowing them to adapt to the binding site topology. If the atoms of a grafted branch overlap with the binding site, grafting attempts to improve Combining 3D structure modeling with glycan array datathe fit of the glycan by "wiggling" each glycosidic torsion angle in 5°i ncrements up to a maximum of 20°. The algorithm starts with the linkage closest to the core and proceeds along the branch towards the residue that is causing the overlap. Failure to reduce steric overlap to below the equivalent surface area of a buried carbon atom results in the glycan being classified as a non-binder. The grafting program then reports on the level of agreement between the predicted specificity the 3D structure and the results from glycan array screening.
Workflow -Integrating glycan array data to guide generation of GBP-glycan 3D structures (1) Experimental glycan array data are categorized into binders and non-binders. (2) A set of MBDs that collectively account for all the array binders are proposed. (3) 3D structures for each MBD are taken from available crystal structures or modelled (4) A prebuilt 3D library of the glycan array is searched for the MBDs (5) The 3D library glycans are grafted onto the co-complex from
Step 3 A 3D library glycan which fits in the binding site is deemed a binder Library glycans that contain an MBD but do not fit are deemed non-binders. (6) Grafting reports on the level of agreement with experiment If agreement is poor: iteratively refine models generated in
Step 3 If iterative modeling fails to reproduce array data: re-evaluate MBDs defined in Step 2. (7) An MBD is disregarded in cases where iterative modeling fails to generate a 3D structure that is in good agreement (>75%) with the observed binding for the array binders and non-binders.
